Type 2 diabetes mellitus (T2DM) is associated with cognitive impairments. However, their causal factors and the approaches to be used in their treatment have not been fully clarified and further study is needed. The aim of this work was to study the effect of intranasal insulin (I-I) on cognitive functions in rats with experimental T2DM. Neonatal rats (5 days old) were treated with an intraperitoneal (i.p.) administration of a single dose of streptozotocin (STZ) (80 mg/kg i.p.) which in adult animals leads to impairment of glucose tolerance and mild hyperglycemia, typical of T2DM. The insulin receptor binding in the synaptosomal and liver membranes was evaluated with [ 125 I]-insulin, and the insulin receptor substrate 2 (IRS2) expression in the brain was estimated by RT-PCR. Daily I-I (0.48 IU/day) or placebo were delivered to diabetic and non-diabetic rats during a week before and the 39 days of cognition experiments. Spatial memory and learning were studied in a Morris water-maze (MWM) test. The MWM test showed that, in the case of diabetic rats, the latent period for finding the platform (escape latency) and the swimming path length were increased, and the number of annulus crossings decreased compared with control (P<0.05). I-I normalized cognitive functions in diabetic rats but had no effect on those of non-diabetic animals. Specific insulin binding in the liver of diabetic rats was decreased, indicating peripheral insulin resistance, but changed very little in the brain. In the hypothalamus of diabetic rats, but not in the cortex and the olfactory bulbs, the expression of IRS2 was reduced by 68% compared with control and was restored after I-I delivery. Rats with neonatal T2DM had cognitive deficit likely associated with impaired IRS2-mediated signaling pathways in the diabetic brain and eliminated by I-I treatment.
Introduction
Diabetes mellitus (DM) is a complex metabolic disease associated with many complications, including retinopathy, nephropathy, peripheral neuropathy, and cardiovascular and reproductive system dysfunction. DM also induces cerebral disorders referred to as diabetic encephalopathy. They are presented as impaired activity of all cognitive functions, increase in mental subtraction errors, decreased speed of information processing, decreased attention, impaired verbal, visual and working memory, and others. 1 Patients with insulin-dependent DM, known as type 1 DM (T1DM), and with non-insulin dependent DM, or type 2 DM (T2DM), which differ significantly in etiology and pathogenesis, have a wide range of CNS disorders and complications in common. The recurrent hypoglycemia due to intensive insulin therapy and inappropriate glycemic control in T1DM, and the prolonged hyperglycemia in T2DM are both implicated in cognitive deficit. However, the causal factors inducing CNS complications in DM and the mechanisms of pathogenesis that lead to neurodegenerative diseases have not been fully clarified because of the problems that arise in carrying out a comparative analysis of cognitive functions in healthy individuals and diabetic patients. Diabetic patients differ according to a wide range of parameters, such as age, the quality of metabolic control, the occurrence of associated diseases and noncerebral DM complications, and the severity of hypo-and hyperglycemia. [1] [2] [3] [4] Another problem is a lack of adequate models of experimental DM which can be used to study the influence of the disease on the CNS. Even streptozotocin (STZ) DM, the most typical model of T1DM, with a complete insulin deficiency and prolonged hyperglycemia differs in many respects from human T1DM which is associated with the hypoglycemia episodes provoked by intensive insulin therapy and physical exercise. Several recent studies have been devoted to the cognitive deficit in experimental T1DM, but very few to the relationship between glucose homeostasis and cognitive functions in animal models of T2DM, such as Goto-Kakizaki (GK) and Zucker Diabetic Fatty (ZDF) rats, and rats with a T2DM-like state induced by a high fat diet (HFD) and STZ treatment, similar in some characteristics to human T2DM. [5] [6] [7] [8] The data obtained support the fact that, in the brain, the alterations and abnormalities in the hormonal signaling systems regulated by insulin, insulin-like growth factor-1 (IGF-1), leptin, biogenic amines, glutamate and peptide hormones, and the changes in expression of hormones and signal proteins, the components of these systems, disturb growth, differentiation, metabolism and apoptosis in neuronal cells. They also contribute to triggering neurodegenerative processes, and the development of cognitive deficit and other CNS disorders in patients with T2DM and animals with an experimental model of T2DM. [9] [10] [11] In the diabetic brain, insulin, the principal player responsible for pathogenesis of T2DM, and numerous signaling cascades regulated by insulin and involving many regulatory and effector proteins, such as insulin receptor substrate proteins, 12 phosphatidylinositol 3-kinase (PI 3-kinase), AKT kinase, protein phosphotyrosine phosphatases, 13 and ERK1/ERK2 kinases, are changed significantly. Dysfunctions in the insulin-regulated signaling system in the brain result in the death of neurons, and neurofibrillary and amyloid-related neurodegenerative diseases (senile dementia, Alzheimer's and Parkinson's diseases, etc.) that are most often associated with T2DM. 14, 15 Therefore, the treatment of diabetic patients with insulin and the restoration of functional activity of insulinregulated signaling pathways are a reliable approach in the therapy of central and neuroendocrine dysfunctions in DM.
Peripherally administrated insulin and its analogs with prolonged action are widely applied in the treatment of DM. 16 About 27% of diabetic patients continue to take insulin for the management of their hyperglycemia. 17 However, the intensive therapy with peripherally administrated insulin leads to repetitive episodes of moderate to severe hypoglycemia which triggers neurodegenerative processes in the brain and contributes to cognitive deficit. 1, 18 The intranasal administration of insulin has no appreciable influence on the level of peripheral glucose and, therefore, does not provoke hypoglycemic episodes. 19, 20 Intranasal insulin (I-I) is transported directly into the brain and binds with brain insulin receptors (IRs) enriched with hypothalamic neurons responsible for the synthesis and secretion of neuropeptides and neurotransmitters. It has been shown that I-I treatment influences CNS functioning, improves learning and memory, and prevents cognitive decline, cerebral atrophy, and focal cerebral ischemia; it also reduces food intake and body weight. 21, 22 Many studies have examined the influence of I-I on physiological and biochemical processes in the brain and peripheral tissues of healthy humans and non-diabetics, as well as non-diabetic experimental animals. 20, 21, [23] [24] [25] [26] Despite this, data concerning the influence of central insulin on human and experimental DM are scarce. 27, 28 One of the more recent studies showed that I-I positively influences cognitive dysfunctions in STZinduced T1DM of mouse. 29 The present study examines the influence of metabolic alterations associated with experimental T2DM on formation of the long-term spatial memory and learning in a Morris watermaze (MWM) test in female rats with a neonatal model of T2DM. The study also aimed to find out whether, and if so how I-I delivery improves cognitive functions in diabetic rats. The influence of I-I on the insulin signaling system in the brain of diabetic rats was assessed by studying the binding parameters of IR and the gene expression insulin receptor substrate-2 protein (IRS2) that is coupled with IR and the intracellular effector proteins, such as PI 3-kinase, phosphotyrosine phosphatase and the components of MAPK cascade. We were interested in the expression of IRS2, because, unlike other IRS proteins, it is present in high concentrations in the hypothalamus and other brain areas and has an important role in many of the hypothalamic effects of insulin on the CNS and peripheral tissues. 30, 31 It has been shown that, in T2DM, there are considerable variations in the expression of genes encoding IR and IRS2 and their functional activity, which is likely to contribute to the development of neurodegenerative processes in the diabetic brain and induce cognitive deficit.
Materials and Methods

Animals
The 6-month female rats (Wistar) were housed in plastic sawdust-covered cages with a normal light-dark cycle and free access to food and water. The experiments were carried out under institutional guidelines (the Bioethics Committee, December 23, 2010) and Guidelines for the treatment of animals in behavior research and teaching. 32 All efforts were made to minimize animal suffering and reduce the number of animals used.
Four groups of animals were investigated: Group C (n=8) and Group C-I (n=7) including control animals without and with I-I administration, Group D (n=8) and Group D-I (n=7) including rats with neonatal T2DM without and with I-I administration, respectively. Before and during the behavioral tests each group was housed in a separate cage.
Neonatal model of type 2 diabetes
Insulin-independent T2DM was induced by intraperitoneal (i.p.) administration of a single dose of STZ (80 mg/kg) freshly dissolved in citrate-acidified 0.9 % NaCl, pH 4.5 to newborn (5-day old) rats. Pups belonging to the control group were injected by saline. Typically, STZ treatment leads to destruction of B cells and, as a result, insulin production is almost completely blocked. However, at the early stages of development of rats, the first week after birth, a partial restoration of insulin-producing function of B cells can occur due to their regeneration. 33 As a rule, 50-70 % of infant rats treated with STZ show signs of T2DM on reaching the age of 2.5-3 months. 34 In our experiments, 70% of 3-month old STZ-treated rats had glucose tolerance, as assessed in the glucose tolerance test (GTT) using i.p. glucose loading (2 g/kg of body weight).
Intranasal insulin delivery
I-I delivery to the rat brain was performed as described previously by Thorne and Frey. 35 Crystalline porcine insulin (Sigma, USA) at a concentration of 24 IU/mL was dissolved in 0.9% saline, pH 4.5, and administered intranasally to both diabetic and non-diabetic rats daily during a week before and the 39 days of behavioral testing. Each rat was placed in a supine position and an average of 20 μL of insulin solution (0.48 IU) was administered with an Eppendorf pipette over alternative nares five 4 μL drops every minute. Control animals were given an equal volume of saline.
Morris water maze test
Throughout the behavioral experiments, the groups of diabetic and non-diabetic rats with and without I-I were investigated. For a week before the experiments, the animals were accustomed to being handled. Spatial training of the rats was performed in an MWM test. [36] [37] [38] Test efficiency was estimated by how long it took the animals to swim in a circular pool (120 cm in diameter, 30 cm in depth, filled with turbid water with chalk at 24±1°C) to find a hidden platform measuring 13 cm in diameter located 2 cm below the water level (escape latency).
In the first series of experiments, the animals swam daily for five days. Each rat had four attempts of 120 s. each to search for the hidden platform from four different starting points. The animals were allowed to swim until either they located the platform and climbed on it or when 120 s. had elapsed. If the rats did not find the platform, they were physically placed on it. Between attempts, the animals remained on the platform for a 30-s. rest. Post-testing, rats were warmed under a heat lamp. The day to day decrease in escape latency and the change in the length of the swimming path were taken as indicators of successful spatial learning.
Testing was repeated a month later (second series of experiments) and the rats underwent the same experiments as the first series. In addition, on Day 5 of the first and second series, 40 min. after the basic testing, the rats were placed in the pool for 60 s after the platform had been removed, and the number of crossings over the previous platform location (annuluses) was recorded. 39 This parameter provides replicates of the experiment to estimate the strength and accuracy of the memory of the previous platform location. 40 The swimming path and the escape latency of each rat were recorded by video camera. The data obtained were processed using Real Timer software 1.2 (Open Science Ltd., Russia) and Smart Junior (Panlab, S.L.U., Harvard Apparatus, USA).
Plasma membrane preparation
After behavioral experiments, the rats were decapitated under anesthetic (mixed ketamine 90 mg/kg of body weight and xylazine 10 mg/kg of body weight), and the liver and brain tissues (cerebral cortex, hypothalamus, olfactory bulbs) were dissected and frozen at -70°C.
Synaptosomal membranes from the rat brain were prepared according to Havrankova and colleagues. 41 The brain tissues without cerebellum were dissected on ice and homogenized in ice-cold 1 mM NaHCO 3 buffer, pH 7.5 (Buffer A) containing a cocktail of protease inhibitors (2 μM leupeptin, 0.1% bacitracin and 2 mM phenylmethylsulphonyl fluoride). The crude homogenate was centrifuged at 1000 ¥ g for 20 min. at 4°C. The resulting pellet was discarded and the supernatant was centrifuged at 30,000 ¥ g for 30 min. The pellet was resuspended in Buffer A and used in the binding experiments.
Plasma membranes from the rat liver were prepared as described by Neville. 42 Pieces of the liver were homogenized in Buffer A, filtered and centrifuged at 1000 ¥ g for 20 min. at 4°C. The pellets were resuspended in the same buffer and 70% sucrose solution was added to take the solution density to 1.408. The material obtained was centrifuged in a 1.420/1.408/1.405 gradient of sucrose at 100,000 ¥ g for 90 min. at 4°C. The flotation layer was collected, washed with Buffer A and centrifuged at 80,000 ¥ g for 30 min. at 4°C. The resulting pellet was resuspended in the same buffer to produce the membrane fraction with a protein concentration in the range of 1-3 mg/mL and stored at -70°C. The protein concentration of each membrane preparation here and in later experiments was measured according to the method of Bradford using γ-globulin as a standard.
Insulin binding to rat synaptosomal and liver membranes
The insulin receptor binding in the synaptosomal and liver membranes was estimated by competition displacement of labeled [ 125 I]-insulin with the unlabeled hormone, as previously described. 43, 44 The insulin-binding assay in the liver membranes was carried out in Phosphate-buffered saline, pH 7.5, containing a cocktail of protease inhibitors (Buffer B). The binding in the synaptosomal membranes was carried out in 100 mM HEPES buffer, pH 7.5, containing 120 mM NaCl, 1.2 mM MgSO 4 , 2.5 mM KCl, 15 mM sodium acetate, 10 mM glucose, 1 mM EDTA with a cocktail of protease inhibitors (Buffer C). A fraction of liver or brain membranes (0.5 mg of protein) was incubated overnight at 4ºC in a corresponding buffer containing unlabeled porcine insulin at a concentration of 0.01-1000 ng/mL and radioactive [ 125 I]-insulin (20,000 counts/min). Non-specific binding was controlled by incubating the material in the presence of 10 μg/mL of unlabeled insulin. To terminate the reaction, the probes were washed by 1 mL of Buffer B (the liver membranes) or C (the synaptosomal membranes) and centrifuged at 2000 ¥ g for 10 min. The centrifuge procedure was repeated and the radioactivity of the precipitate was measured by an NZ32 γ-counter (Hungary). Binding data were analyzed using Scatchard plots, taking into account the highaffinity low-capacity receptors (at a concentration of unlabeled insulin below 60 ng/mL) and low-affinity high-capacity receptors (at a concentration of unlabeled insulin over 60 ng/mL).
The expression of IRS2 gene in the brain
Total RNA from the cerebral cortex, hypothalamus and olfactory bulbs was isolated using TRI-reagent (Sigma, USA) according to the manufacturer's instructions. All RNA samples were treated with DNAase I (Fermentas, USA) to remove the contaminating genomic DNA. Absorbance measurements at 260 nm in water were used to adjust the stock concentration of all RNA samples to 1 μg/mL, assuming the absorbance of 1 to be equivalent to RNA at 40 μg/mL. The following quality control standards were applied: purity of RNA samples (A 260 /A 280 ) was more than 1.8, the 18S and the 28S ribosomal RNA bands were present when the samples were analyzed using agarose gel electrophoresis. The RNA samples were subjected to a reverse transcription reaction to synthesize single strand cDNAs using the first strand cDNA synthesis kit (Fermentas, USA). Amplification of the 234-base pair cDNA fragment encoding IRS2 was performed on an MJ Mini Thermal Cycler (Bio-Rad, USA). Thermo cycling conditions were 95°C for 3 min, followed by 34 cycles of 95°C for 20 s, 52°C for 30 s, and 72°C for 30 s, and the final elongation at 72°C for 3 min. The following primers were used: 5'-GAGGACTGAGGAAGAGGAC-3' (forward) and 5'-GGTTACTGCTGGAACTCTTG-3' (reverse). To control experimental variations in sample processing, primers 5'-CAAGGT-CATCCATGACAACTTTG-3'(forward) and 5'-GTCCACCACCCTGTTGCTGTAG-3' (reverse) synthesizing the 496-base pair cDNA fragment encoding rat glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used in the PCR amplification. 
Glucose, insulin, HbA1c, triglyceride, cholesterol and HDLs assays
Whole blood was obtained from the tail vein under local (sc) anesthesia with 2% lidocaine per 2-4 mg/kg of body weight. Blood glucose was measured using One Touch Ultra (USA) test strips and a glucometer (Life Scan
Johnson & Johnson, Denmark). The insulin concentration in rat serum was determined using Rat Insulin ELISA (Mercodia AB, Sweden). Triglycerides and total cholesterol were determined by Trinder-based (GPO-PAP and CHOD-PAP, respectively) colorimetric endpoint method, high density lipoprotein (HDL)-cholesterol by direct clearance method, and HbA1c concentration by immunoassay method using kits from Randox Laboratories Ltd., (UK) and Sapphire 400 automated clinical chemistry analyzer (Niigata Mechatronics Co., Ltd., Japan).
Statistical analysis
Data are presented as the mean±SEM. Data analysis was carried out using one-way analysis of variance (ANOVA) followed by Student's Newman-Keuls post hoc test or unpaired t-test as required. For determination of the insulin receptor binding and IRS2 expression, the values are the mean±SEM of three individual experiments, each performed in triplicate. The difference was considered significant at P<0.05.
Results
Characteristics of neonatal diabetes
The experimental animals were tested for weight, plasma glucose and insulin levels, GTT, glycated hemoglobin HbA 1c level, and lipid metabolism markers, as well as for binding characteristic of insulin receptors (IRs) in the brain and in the periphery tissues (the liver). Body weight of the 180-day old diabetic rats (Group D) increased less than that of their respective control (Group C) ( Table 1 ). The diabetic animals had long-term moderate hyperglycemia (fasting blood glucose level was no higher than 7 mM) and slightly decreased plasma insulin level, which agrees well with the corresponding parameters of the rats with a neonatal model of T2DM obtained by others. 33, 34 In GTT, 120 min. after glucose load, the concentration of glucose in the blood of control rats (Group C) reached normal levels. In contrast, in diabetic rats (Group D) it did not decrease and remained much higher compared to controls, indicating insulin resistance typical of T2DM ( (Table 3) .
Insulin receptor binding in the brain and liver of diabetic compared with non-diabetic rats
There was practically no difference in the insulin binding capacity of IRs in the synaptosomal membranes isolated from the brain (the cerebral cortices, hippocampus, and striatum) of rats with neonatal T2DM compared with controls (Table 4) . At the same time, the insulin binding capacity of receptors in the liver membranes in T2DM was lower compared with healthy animals due to a smaller number of IRs with high and low affinity. The affinity of IRs in the brain of diabetic rats remained practically unchanged (Table 4) . Specific insulin binding in the liver of diabetic rats was decreased, which indicates insulin resistance of this peripheral tissue to insulin, typical of noninsulin dependent DM. There were no significant changes in the binding characteristics of brain IRs.
IRS2 expression in the brain of diabetic compared with non-diabetic rats
Using RT-PCR, we showed that there was practically no difference in the expression of the IRS2 gene in the cerebral cortex and the olfactory bulbs of diabetic rats compared to controls (data not shown). At the same time, the expression of the IRS2 gene in the hypothalamus of diabetic animals decreased by 68% compared with controls ( Figure 1) . The decrease in IRS2 mRNA level in the hypothalamus is likely to be associated with impairment of the insulin signal transduction in this brain area in neonatal DM.
The influence of intranasal insulin on body weight and biochemical parameters in diabetic rats
In our study, I-I treatment had a slight influence on the body weight and plasma glucose level in all groups of animals. The decreased level of plasma insulin in the diabetic rats was restored (Table 1) . Using GTT, we found that 120 min. after glucose load the plasma glucose level in insulin-treated diabetic rats (D-
had a lower glucose level after load (D) compared to untreated animals due to partial restoration of insulin resistance in rats receiving I-I (Table 2) . I-I treatment led to a decrease in enhanced concentration of triglycerides, but had little effect on the other biochemical parameters under study ( Table 3 ).
The influence of intranasal insulin on IRS2 expression in the brain of diabetic and non-diabetic rats
Intranasal insulin induced an increase in IRS2 gene expression in the hypothalamus of non-diabetic rats and fully restored IRS2 expression, which in the hypothalamus of diabetic rats was decreased (Figure 1) . It had no effect on the levels of IRS2 mRNA in the cortex and olfactory bulbs which, as has been mentioned above, in T2DM did not differ significantly from normal values (data not shown). The data obtained give evidence for intranasal insulin-induced restoration of functional activity of the initial components of insulin signal- ing system in the hypothalamus in DM and suggest IRS2 as a target of therapeutic action of intranasally delivered hormone.
The study of cognitive function of non-diabetic rats in the MWM test
On Days 1 and 5 (the first series) and on Days 35 and 39 (the second series) of the experiment, there was no essential difference in the swimming path length between control (Group C) and insulin-treated non-diabetic rats (Group C-I) (Figure 2A and B) . The learning processes estimated according to the duration and dynamics of the latent period for finding the platform appeared to be similar in Group C and Group C-I, except that on Day 1 of the first series the insulin-treated rats learned the task quicker (Figure 3) . In both groups of non-diabetic animals, the escape latency reached the plateau on Day 4 of the first series, and the information about location of the hidden platform was maintained throughout the experiments (the second series) (Figure 3 ). In the first series and on Day 1 of the second series the I-I-treated non-diabetic rats on average located the hidden platform much quicker compared with control animals (Table 5 ). But on the last day of the second series there was no difference between Groups C and C-I. On Days 5 and 39 of testing there was no difference in the number of annulus crossings by the control (Group C) and the insulin-treated rats (Group C-I) ( Table 6 ). These data suggest that while the effect of I-I on long-term spatial memory in healthy animals with no cognitive deficit is rather weak, it has a significant influence on memory formation, especially in the initial period of the MWM test.
Diabetic rats show significant impairment in an MWM task
The real-time swimming tracking showed a significant difference between swimming path length in the case of diabetic and control rats, especially at the beginning of the second series (Figure 2A and C) . In the first series of experiments, it took the diabetic rats (Group D) on average twice as long as control animals to locate the platform (Figure 3 ). The dynamics of time reduction in locating the platform (learning) was less pronounced compared with control animals. In the second series of experiments, the escape latency in the case of diabetic rats was 3-5 times longer than that of control animals. On the first day of the second series, the search time for locating the platform by diabetic rats increased by 70% compared with the last day of the first series, while there was no change in the control (Group C) and the I-I -treated non-diabetic rats (Group C-I). The escape latency for the diabetic rats was 5 times longer than in the respective control. There was no difference in the swimming speed between diabetic rats and control rats except on the last day of experiments when it was 31% lower than control (Table 5 ). There was a decrease in the number of annulus crossings in Group D of 45% in the first series and 40% in the second series compared with control (Table 6 ). These findings indicate the development of cognitive deficit in rats with neonatal T2DM, as illustrated by impairment of their learning and spatial memory in comparison with healthy animals.
Intranasal insulin restores the spatial memory and learning of diabetic rats
Intranasal administration of insulin in the diabetic rats (Group D-I) made the latency period an average of three times shorter (Figure 3) . The maximal effect of intranasal insulin was a maximum of five times the reduction in escape latency in the first and second series of experiments. As far as insulin-treated diabetic rats are concerned, in the second series the swimming path lengths were similar to those of control and insulintreated non-diabetic rats, being significantly shorter than in the case of non-treated diabetic animals ( Figure 2D of rats in Group D-I was much higher compared with Group D and was closer to that of rats in Group C-I, being similar to both groups of healthy animals at the end of the experiment (Day 39) (Table 5 ). There was an increase in the number of crossings of the platform's original location by the rats in Group D-I compared with those in Group D, and on Day 39 of testing the difference in the number of annulus crossings between animals in Groups D and D-I was statistically significant at P<0.05 (Table 6 ). In the first series of experiments, on Day 5 of testing, the diabetic rats in Group D-I had fewer annulus crossings than control animals, while in the second series the number of crossings of these rats, after prolonged intranasal delivery of insulin, was closer to the corresponding values of healthy rats. These results suggest that intranasal insulin improves the long-term spatial memory in rats with T2DM to levels similar to those of healthy animals. A decrease in the time required to locate the hidden platform, a shortening of the swimming path length, as well as an increase in the swimming speed and of the number of annulus crossings in the case of intranasal insulintreated diabetic animals, all show the insulininduced improvement of learning in rats with the neonatal model of DM.
Discussion
Cognitive deficit with impaired abstract reasoning and complex psychomotor functioning occurs in patients with DM. Alterations of the cognitive functions are likely to occur at the late stages of disease due to the triggering of neurodegenerative processes in the brain of diabetic individuals. 3, [45] [46] [47] [48] [49] [50] A high prevalence of DM-induced CNS diseases and their contribution to the physical and psycho-emotional state of patients with diabetes makes the study of etiology and pathogenesis of the disease important. At present, little is known about the molecular mechanisms and biochemical processes responsible for the development of DM-induced CNS complications. The best approach to solving this problem is to investigate new experimental models of DM accompanied by cognitive deficit and find ways of preventing pathological changes in the diabetic human brain.
The data on cognitive dysfunctions of animals with experimental T2DM are controversial because different models and a variety of physiological approaches have been used to assess learning and memory. These include mutant GK and ZDF rats with obesity, insulin resistance and mild hyperglycemia, KKAy mice with hyperinsulinemia, impaired glucose tolerance and increased oxidative stress, and also rats with symptoms of T2DM induced by HFD and treated with low doses of STZ. [5] [6] [7] [8] [51] [52] [53] Some authors failed to detect the changes in the cognitive functions of the animals with obesity and T2DM, while on the contrary, others reported considerable impairment of behavior, learning and memory.
The study of ZDF rats with the symptoms of T2DM in an MWM test showed that they had learned how to manage the test, although control animals were swimming much faster than diabetic animals. 51 The integrity of synaptic function was also preserved in ZDF rats as no alterations in long-term potentiation were observed in the CA1 area of the hippocampus. The authors came to the conclusion that the resistance of ZDF rats to cognitive dysfunctions might be related to the protective action of moderate hyperinsulinemia typical of this model, and also with a short duration of DM. At the same time, some authors reported a significant impairment of memory associated with abnormalities in the hippocampus activity in obese rats. 6, 52 Female KKAy mice were produced from a cross between yellow obese Ay male mice and glucose-intolerant black KK female mice. Shuttle avoidance and the MWM tests showed significant impairment of cognitive functions. 53 Stroke-induced brain damage was observed and cognitive deficit deteriorated in rats treated for two months with HFD followed by low-dose STZ injection to induce T2DM. This was illustrated by the impaired performance of rats in the MWM test. It has been suggested that these cognitive dysfunctions are associated with increased β-amyloid peptide generation and cytotoxicity, and with the activation of caspases, pro-apoptotic specific proteases. 8 A neonatal model of T2DM was used to study cognitive deficit. This is a good cost-effective alternative compared to genetic models and regular screening experiments, and may be useful to investigate long-term complications of T2DM. This model is considered to be a better tool to clarify the mechanisms associated with the insulin resistance and the regeneration of the B cells, 54 although it has not previously been used in behavior experiments. Neonatal DM was characterized by insulin resistance, which is seen as a considerable decline in the glucose-induced insulin release with a decrease in the maximal response to hormone, and by a slight but consistent rise in blood glucose levels in fasted and fed basal states. 55 It was shown that, unlike injection of a single high dose of STZ which produces T1DM in adult rats, STZ injected during the first week after birth leads to the development of T2DM. 34 STZ injection to infant rats induces destruction of most B cells. However, some of these cells survive. They begin to form new islets from the small pancreatic ducts and start synthesizing insulin again. As a result, restored insulin secretion allows the animals to live long without insulin treatment. It does, however, induce insulin resistance in peripheral tissues, in particular the liver. In our case, at six months of age, the diabetic rats with neonatal DM had a pronounced decrease in binding characteristics of IRs in the liver, which is one of the molecular mechanisms responsible for glucose tolerance. The development of insulin resistance in the peripheral tissues along with moderate hyperglycemia and lipid metabolism alterations which we identified are typical of T2DM.
Article
In the present study, we showed that the cognitive functions of rats with neonatal T2DM were impaired. In an MWM test, diabetic animals, compared to control, demonstrated a significant increase in duration of the latent period for finding the hidden platform, a less pronounced dynamic of the decrease in time required to locate the platform in the first series of experiments, an increase in the swimming path length, and a significant decrease in annulus crossings; all are indicative of problems in intellectual development and learning. The longer time allocated to cope with the test and the increase in swimming path length in diabetic rats in the second series demonstrates impairment of spatial memory functioning. These, together with the considerable differences in swimming speed and number of crossings in the diabetic and control animals suggest impairment of a wide spectrum of overall cognitive and memory functions in rats with neonatal DM2. In conclusion, the study of rodents with neonatal DM in a water maze test would help to further clarify the mechanisms and dynamics of T2DM-induced CNS dysfunctions.
The main causes underlying DM-induced CNS complications are deterioration of hormonal signaling systems of the brain and peripheral tissues. [56] [57] [58] Although in DM CNS signaling cascades regulated by IGF-1, leptin and neurohormones change, 11 we have focused on the alterations in the upstream components of the insulin signaling system, such as IR and IRS2, diffusely expressed in different brain areas. The abnormalities of the functional activity of these proteins contribute greatly to the etiology and pathogenesis of DM-induced CNS disorders. 13 Unlike in the liver, we found no changes in total binding of IRs and their affinity to the hormone in the brain of rats with neonatal T2DM. These findings are consistent with the data on the lack of changes in IR expression in the frontal cortex of 8-month old rats with spontaneous onset of DM. 59 According to our data, a decrease in the IRS2 expression in the hypothalamus of diabetic rats was 32% that of the control. This can be attributed to impairment of the insulin signal transduction at the stage of IRS-mediated coupling between hormone-activated IR and the downstream effector proteins. The hypothalamus, being the most insulin-responsive brain area, contributes to whole-body glucose homeostasis, regulation of feeding behavior and pituitary secretion via the IRS-PI 3-kinase signaling pathway. In the hypothalamus, the insulin signaling system is the key element of a complex network integrating a variety of signaling systems regulated by neuromediators and neurotransmitters, in particular dopamine and serotonin, controlling cognitive functions. 60 Therefore, IRS2-mediated abnormalities of insulin signaling in the hypothalamus of diabetic rats are likely to be among the causes of cognitive deficit.
Our suggestion finds confirmation in the results of other authors. They showed that there are considerable changes in the functional activity of IRS2 in the diabetic hypothalamus which is closely associated both with cognitive functions and with central and peripheral glucose metabolism. 12, 61 There is evidence to show that the knockout of gene encoding IRS2 leads to a T2DM-related state and induces neurodegenerative diseases associated with T2DM. The deletion of the gene encoding IRS2 leads to weakening of hypothalamic insulin signaling and increases food intake and hepatic glucose production. 62 Mice with IRS2 gene knockout have CNS abnormalities and pronounced resistance to insulin, typical of T2DM. 63 Female mice lacking the IRS2 gene are fertile, hyperphagic and obese. 64 These data allow us to suggest that IRS2 supports the transduction of a large number of growth-promoting and metabolic signals in the brain. The involvement of IRS2 in the brain insulin action is confirmed by the fact that intracerebral insulin induces rapid phosphorylation of IRS2 and activation of downstream signal proteins, in particular PI 3-kinase. 65 It should be noted that IRS1, another protein of the 6-member IRS family playing a key role in the functioning of peripheral tissue, is widely distributed in the brain. It is not concentrated in the hypothalamus and other brain areas enriched with IRs. 66 Transgenic mice lacking neuronal IRS1 have no large-scale disorders of the regulatory effects of insulin. 67 Changes in IRS2 expression in the brain of diabetic rats were area-specific and did not involve either the cortex or the olfactory bulbs. This proves that alterations of functional activity and expression of signal proteins, components of insulin and other hormonal systems, can be traced in some brain areas but fail to be revealed in the others. 9, 63, 68, 69 Such area-specific changes may be an important factor causing the disturbances in the functioning of the brain hormonal network in DM, which leads to CNS complications and dysfunctions in the peripheral organs and tissues. Now insulin and its analogs with prolonged action are used to treat and to prevent DMinduced complications, including neurodegenerative diseases. However, peripheral insulin that finds wide application in medical practice induces a hypoglycemic state which is destructive and dangerous to the brain, and only makes a slight contribution to the increase in central insulin level. This gives preference to the intranasal route of hormone administration. I-I improves learning and memory in healthy humans, it prevents cognitive deficit and other pathological changes in the brain of patients with Alzheimer's disease and in experimental animals with cognitive dysfunctions. 20, 21, 25, 26 However, there data are scarce on the influence of I-I on CNS functioning in diabetic individuals and experimental DM. 27, 28 I-I induced improvement in the behavioral, morphological and molecular abnormalities in the brain was only seen in T1DM mice. 29 Our behavioral experiments demonstrated I-I induced improvement of long-term spatial memory and learning in rats with a neonatal model of T2DM. I-I decreases the search time to locate the hidden platform and swimming path length, and increases the swimming speed and the number of annulus crossings in insulin-treated diabetic rats compared with those untreated. These data suggest that I-I has a strong influence on CNS and prevents the cognitive decline in experimental T1DM and T2DM. Improvement of cognitive functions by I-I is realized through the brain insulin signaling system and the integrated network, including signaling systems regulated by a large number of neurotransmitters and neuromediators controlling feeding behavior, learning and memory. 10 Passing through intercellular clefts in the olfactory epithelium, I-I diffuses into the subarachnoidal space and is delivered to cerebrospinal fluid and brain tissue within 30 min. 29, [70] [71] [72] This leads to a rapid and significant increase in the content of insulin in the brain and induces the activation of insulin-regulated signaling cascades in neuronal and glial cells. Since the brain insulin concentration and the activity of insulin-regulated signaling pathways in the diabetic brain are, as a rule, reduced, I-I administration partially or completely restores these alterations and normalizes the functioning of the insulin signaling system. We found that I-I prevents the decrease in IRS2 expression in the hypothalamus of diabetic rats, which may contribute to the restoration of cognitive functions impaired in DM. In our view, normalization of IRS2 expression in the hypothalamus is likely to lead to a restoration of the insulin signaling system in this brain area, since IRS2 in the brain is of prime importance in the transduction of insulin signal to the intracellular effector proteins and mediates central insulin effects on the growth and energy homeostasis of the organism. 30, 31 Insulin is involved in the intercellular communication within brain structures, the hypothalamus and the limbic system in particular. Therefore, it is very important that restoration of IRS2-mediated signaling in the hypothalamus affects functioning of the other brain areas. 10 It has previously been shown that the improvement in insulin signaling in the hypothalamus is capable of affecting signaling network in the hippocampus associated with impaired long-term potentiation in the diabetic brain. 29 therapy of rats with STZ-induced T1DM protects against hippocampal potentiation deficit and prevents cognitive decline. 75 To summarize, diabetic rats with a neonatal model of T2DM have cognitive deficit manifested as the impairment of their learning and spatial memory in an MWM test. It can be eliminated to a large extent by long-term I-I treatment. In the hypothalamus of diabetic rats, but not in the cortex and the olfactory bulbs, the expression of IRS2 is reduced. This may be one of the causes of cognitive deficit in DM. I-I restores the levels of IRS2. In our view, this contributes to the improvement in cognitive functions, as is the case of the MWM test. Our results give strong evidence for the benefit of I-I in the treatment of T2DM to prevent neurodegenerative diseases and cognitive deficit. They also indicate that the insulin signaling system, the major component of the overall hormonal network in the brain, is an important target in the therapy of DM-induced CNS diseases.
